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ABSTRACT

Genetic and biochemical analysis of glucosinolate breakdown: The
effects of indole-3-carbinol on plant physiology and development
Glucosinolates are a class of defense-related secondary metabolites found in all
crucifers, including important oilseed and vegetable crops in the Brassica genus and
the well-studied model plant Arabidopsis thaliana. Upon tissue damage, such as that
provided by insect feeding, glucosinolates are subjected to catalysis and
spontaneous degradation to form a variety of breakdown products. These
breakdown products typically have a deterrent effect on generalist herbivores.
Glucosinolate breakdown products also contribute to the anti-carcinogenic effects of
eating cabbage, broccoli and related cruciferous vegetables. Indole-3-carbinol, a
breakdown product of indol-3-ylmethylglucosinolate, forms conjugates with several
other plant metabolites. Although some indole-3-carbinol conjugates have known
functions in defense against herbivores and pathogens, most play as yet
unidentified roles in plant metabolism, and possibly also plant development. At the
outset, our proposal had three main hypotheses: (1) There is a specific detoxification
pathway for indole-3-carbinol; (2) Metabolites derived from indole-3-carbinol are
phloem-mobile and serve as signaling molecules; and (3) Indole-3-carbinol affects
plant cell cycle and cell-differentiation pathways. The experiments were designed to
enable us to elucidate how indole-3-carbinol and related metabolites affect plants
and their interactions with herbivorous insects. We discovered that indole-3-
carbinol rapidly and reversibly inhibits root elongation in a dose-dependent
manner, and that this inhibition is accompanied by a loss of auxin activity in the
root meristem. A direct interaction between indole-3-carbinol and the auxin
perception machinery was suggested, as application of indole-3-carbinol rescued
auxin-induced root phenotypes. In vitro and yeast-based protein interaction studies
showed that indole-3-carbinol perturbs the auxin-dependent interaction of TIR1
with Aux/IAA proteins, supporting the notion that indole-3-carbinol acts as an
auxin antagonist. Furthermore, transcript profiling experiments revealed the
influence of indole-3-carbinol on auxin signaling in root tips, and indole-3-carbinol
also affected auxin transporters. Brief treatment with indole-3-carbinol led to a
reduction in the amount of PIN1 and to mislocalization of PIN2. The results indicate
that chemicals induced by herbivory, such as indole-3-carbinol, function not only to
repel herbivores, but also as signaling molecules that directly compete with auxin to
fine tune plant growth and development, which implies transport of indole-3-
carbinol that we are as yet unsuccessful in detecting. Our results indicate that plant
defensive metabolites also have secondary functions in regulating aspects of plant
metabolism, thereby providing diversity in defense-related plant signaling
pathways. Such diversity of of signaling by defensive metabolites would be
beneficial for the plant, as herbivores and pathogens would be less likely to mount
effective countermeasures. We propose that growth arrest can be mediated directly
by the herbivory-induced chemicals, in our case, indole-3-carbinol. Thus,
glucosinolate breakdown to I3C following herbivory would have two outcomes: (1)
Indole-3-carbinaol would inhibit the herbivore, while (2) at the same time inducing
growth arrest within the plant. Thus, our results indicate that I3C is a defensive
phytohormone that modulates auxin signaling, leading to growth arrest.
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Details of cooperation
This program could never have been accomplished without the close cooperation of

both laboratories. The Jander lab provided the expertise in analysis of glucosinolate
breakdown products, and overall expertise and familiarity with the subject matter,
while the Chamovitz lab provided the original hypothesis, and experience in the
cellular, yeast and in vitro analyses that were carried out. Ella Katz, a PhD student in
the Chamovitz lab, spent several weeks in the Jander lab learning the intricacies of
I3C measurement. Prof. Chamovitz also spent a week in Ithaca, going over results,
and writing the manuscript with Prof. Jander. In addition, Katz, Chamovitz Jander,
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Achievements
Genetic and biochemical analysis of glucosinolate breakdown:

The effects of indole-3-carbinol on plant physiology and development

The main scientific finding of our research was highlighted as the cover article in
The Plant Journal (Katz et al., 2015b)There we showed that the glucosinolate (GS)
breakdown product indole-3-carbinol (I13C) inhibits root elongation, probably by acting as
an auxin antagonist. We first observed that 13C inhibits roots growth in a dose-dependent
manner, and that this effect is reversible. Since inhibition of root elongation is a typical
auxin exposure phenotype, we hypothesized that 13C impacts auxin signaling in the root,
and indeed found that 13C treatment rapidly and reversibly reduced auxin signaling in the
root tip.

Our results indicated that 13C reduces auxin signaling by acting as an auxin
antagonist on the TIR1 receptor. Surprisingly, this mode of action was apparently specific
for 13C and is not common to all I3M-GS breakdown products. Although indole-3-
acetonitrile (IAN) also inhibited root elongation, its influence on auxin signaling was
different from that of I3C. Thus, I3M-GS breakdown products likely influence plant
development at multiple levels.

Taken together with our second publication (Katz et al., 2015a), our results clearly
demonstrate that I13C influences plant growth by directly modulating auxin signaling. The
implication for agriculture is that chemicals induced by herbivory, such as I3C, function not
only to repel the herbivore, but also as signaling molecules within the plant. Thus, our
results suggest that 13C is a defensive phytohormone that modulates auxin signaling,
leading to growth arrest.

Salicylic acid and jasmonic acid, the two best-studied plant defense signaling
molecules, are likely to have originally evolved as small molecule metabolites that

provided direct defense against herbivores and pathogens (Jander and Clay, 2011).



Jasmonic acid not only induces numerous plant defense responses, but also influences
primary metabolism, for instance reducing the synthesis of sugars and amino acids (Adio et
al., 2011). Our results imply that other plant defensive metabolites might also have
secondary functions in regulating aspects of plant metabolism, which provide diversity in
defense-related plant signaling pathways. Such diversity of defensive metabolites in
defense-related plant signaling pathways would be beneficial for the plant as herbivores
and pathogens would be less likely to mount effective countermeasures.

The idea that herbivory also affects plant development is not new. Many studies
have shown that herbivory induces plant growth arrest (Adler and Wink, 2001; Poveda et
al., 2003). Such arrest has most often been attributed to changes in resource allocation, e.g.
the growth differentiation balance hypothesis (Gershenzon, 1994; Massad et al., 2012). We
propose that the growth arrest can also be signaled directly by the induced chemicals, in our
case 13C. Thus glucosinolate breakdown to 13C following herbivory would have two
outcomes: (1) I3C would inhibit the herbivore, while (2) at the same time inducing growth
arrest within the plant.

Interestingly, a recent article reported that volatile indoles released from soil
bacteria modulate auxin signaling in roots (Bailly et al., 2014). Thus the idea that indole-
containing metabolites negatively influence auxin signaling appears to be an emerging
paradigm.

Our hypothesis that other plant defensive metabolites might also have secondary
functions in regulating aspects of plant metabolism formed the basis for our recently funded
BARD proposal which employs, in addition to Arabidopsis, also maize and barley as model
systems. Thus the results of the BARD program have allowed us to progress from basic

research with Arabidopsis to research on crop plants.
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SUMMARY

The glucosinolate breakdown product indole-3-carbinol functions in cruciferous vegetables as a protective
agent against foraging insects. While the toxic and deterrent effects of glucosinolate breakdown on herbi-
vores and pathogens have been studied extensively, the secondary responses that are induced in the plant
by indole-3-carbinol remain relatively uninvestigated. Here we examined the hypothesis that indole-3-carbi-
nol plays a role in influencing plant growth and development by manipulating auxin signaling. We show
that indole-3-carbinol rapidly and reversibly inhibits root elongation in a dose-dependent manner, and that
this inhibition is accompanied by a loss of auxin activity in the root meristem. A direct interaction between
indole-3-carbinol and the auxin perception machinery was suggested, as application of indole-3-carbinol res-
cues auxin-induced root phenotypes. In vitro and yeast-based protein interaction studies showed that
indole-3-carbinol perturbs the auxin-dependent interaction of Transport Inhibitor Response (TIR1) with
auxin/3-indoleacetic acid (Aux/IAAs) proteins, further supporting the possibility that indole-3-carbinol acts
as an auxin antagonist. The results indicate that chemicals whose production is induced by herbivory, such
as indole-3-carbinol, function not only to repel herbivores, but also as signaling molecules that directly com-
pete with auxin to fine tune plant growth and development.

Keywords: indole-3-carbinol, auxin, herbivory, Arabidopsis thaliana, glucosinolate.

INTRODUCTION

The phytochemical indole-3-carbinol (I3C) functions in
cruciferous vegetables as a protective agent against forag-
ing insects (Kim and Jander, 2007), and is used in humans
as a dietary supplement with anti-carcinogenic properties
(Aggarwal and Ichikawa, 2005). I13C is a breakdown product
of glucosinolates, which are a diverse group of small mole-
cules produced in the Cruciferae family, including Brassica
vegetables, such as broccoli and cauliflower, and also Ara-
bidopsis thaliana (Fahey et al., 2001). Tissue damage from
herbivores or physical means initiates hydrolysis of gluco-
sinolates by endogenous plant p-thioglucosidases (com-
monly called myrosinases). Further catalysis and
spontaneous degradation result in the formation of a wide
variety of chemicals, including I3C (McDanell et al., 1988;
Halkier and Gershenzon, 2006). These glucosinolate break-
down products, in addition to their bioactive properties,
cause the characteristic sharp taste of cruciferous vegeta-
bles (Bones and Rossiter, 1996; Keck and Finley, 2004; Kim
and Milner, 2005). I3C is formed from the breakdown of

© 2015 The Authors
The Plant Journal © 2015 John Wiley & Sons Ltd

indole-3-ymethylglucosinolate (I3M-GS), one of the most
widely distributed glucosinolates (Agerbirk et al., 2009).
I3C, in turn, reacts with itself and a variety of other plant
metabolites to form conjugates. In addition to their toxic
effects on herbivorous insects, glucosinolate breakdown
products may also signal further plant defense responses
(Clay et al., 2009); therefore, it is possible that I3M-GS
breakdown triggers downstream responses in Arabidopsis
and other crucifers. While specific roles for these 13C con-
jugates are slowly being revealed, most have as yet
unknown functions in plant metabolism (Kim et al., 2008).
Glucosinolate breakdown products have also been impli-
cated in human health, with 13C in particular being studied
as a therapeutic dietary supplement for women recovering
from breast cancer (Bradlow, 2008). In human cells, I3C
has been implicated in the inhibition of cell-cycle progres-
sion, induction of apoptosis, and inhibition of tumor inva-
sion and metastasis (Meng et al., 2000a,b; Firestone and
Bjeldanes, 2003; Sarkar and Li, 2004; Fan et al., 2006). The
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mechanism by which 13C mediates these processes is
unclear, although direct involvement with a variety of sig-
naling pathways has been suggested (Li et al., 2003).

While the toxic and deterrent effects of glucosinolate
breakdown on herbivores and pathogens have been stud-
ied extensively, the secondary responses that are induced
by 13C in plants remain relatively uninvestigated. Here we
use the Arabidopsis root as a model system to elucidate
pathways influenced by I3C. We show that I3C inhibits root
elongation and competes with auxin perception in vitro
and in vivo, suggesting that I3C acts as an auxin antagonist
that has the potential to inhibit growth under biotic stress
conditions.

RESULTS
Exogenous I3C is taken up by Arabidopsis seedlings

To confirm that I3C is taken up by Arabidopsis, seedlings
were exposed for 2 h to medium containing 500 um 13C,
and analyzed by HPLC. The I13C-treated seedlings contained
approximately 10 nmol g~" 13C, whereas untreated con-
trols had no detectable 13C (Figure 1). Similar accumula-
tion of 13C was observed in cyp79B2 cyp79B3 seedlings,
which do not form indole glucosinolates (Hull et al., 2000),
and tgg1 tgg2 seedlings, which do not degrade indole
glucosinolates to I3C (Barth and Jander, 2006), an indica-
tion that the observed 13C accumulation is not the product
of endogenous glucosinolate degradation.

Exogenous I3C treatment inhibits root elongation

To examine the effect of exogenous I3C on the growth of Ara-
bidopsis roots, we first analyzed primary root lengths of Ara-
bidopsis seedlings germinated on increasing concentrations
of I3C. I3C inhibited root elongation in a dose-dependent
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Figure 1. Uptake of I13C by Arabidopsis seedlings. Two-week-old Arabidop-
sis seedlings germinated in liquid MS medium were exposed to 500 um I13C
for 2 h or left untreated. I3C was not detected in untreated seedlings. Values
are means + SE of three replicates, each comprising 50 seedlings. The I13C
levels in seedlings treated with I3C were higher than the levels in control
seedlings for all three genotypes (P < 0.05, anova followed by Tukey’s HSD
test). FW, fresh weight.

manner (Figure 2a). Extrapolation of growth rates revealed
50% inhibition of root growth (ICsp) at 125 um 13C, with 95%
inhibition (ICgs) at approximately 400 um (Figure 2b). Given
that Arabidopsis seedlings contain 1.4 ug I3M-GS per gram
root dry weight (Petersen et al., 2002), corresponding to
approximately 140 um concentration, and the majority of this
is converted to I3C after tissue damage, the local concentra-
tions of 13C may be within the range of the ICs, for exoge-
nous I13C.

To study the kinetics of root growth inhibition after
application of 13C, we grew seedlings on MS medium for
4 days, transferred them to solid medium with or without
400 pm 13C, and used time-lapse photography to monitor
root elongation over 24 h (Movie S1). A decrease in the
root elongation rate was immediately evident upon trans-
fer to 13C medium. As shown in Figure 2(c), 60 min after
transfer, the rate of root elongation of seedlings trans-
ferred to medium containing I13C was significantly lower
than the rate of root elongation of seedlings transferred to
medium without I3C (Student’s t test, P < 0.01).

To determine whether this growth arrest is reversible,
seedlings that had been germinated and grown on I3C for
8 days were transferred to fresh MS plates. Whereas the
root elongation rate on 400 um 13C was negligible com-
pared with the rate on MS, the roots began to elongate
upon transfer to MS medium at a rate approaching that of
seedlings that had never been exposed to I3C (Figure S1).
This indicates that the effect of I3C on root growth is
reversible.

Other indole glucosinolate breakdown products influence
root elongation

After tissue damage, 13M-GS breakdown proceeds in two
directions, leading either to the formation of I3C and its
derivates, or indole-3-acetonitrile (IAN) (Figure S2a)
(Agerbirk et al, 2009). We thus examined the effect of
additional indole glucosinolate breakdown products (3, 3'-
diindolylmethane, indole-3-carboxaldehyde and methyl-
indole-3-carboxalate) on the growth of Arabidopsis roots.
All chemicals tested inhibited root elongation (Figure S2b),
thus we continued our analysis using 13C and IAN to repre-
sent the two breakdown pathways.

Exogenous I3C treatment inhibits auxin signaling

Inhibition of root growth is a typical phenotype of plants
exposed to exogenous auxin, or plants with reduced
endogenous auxin (List, 1969; Overvoorde et al., 2010).
Given the similar structures of I3C, IAN and 3-indoleacetic
acid (IAA), with the difference being that I3C has a terminal
hydroxyl group and IAN has a terminal cyanide, whereas
IAA has a terminal carboxylic acid, we tested the hypothe-
sis that in addition to IAA, I13C and IAN also induce auxin
signaling in the root apical meristem. For this purpose, we
used seedlings expressing DR5:N7-VENUS. In these

© 2015 The Authors
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Figure 2. 13C treatment inhibits root elongation.

(a) Phenotypes of 14-day-old plants grown on
increasing concentrations of I3C.

(b) Percentage inhibition of root elongation of seed- 100w
lings grown on various concentrations of 13C. Inhi- ‘ 5y
bition was extrapolated based on regression fitting. ‘
(c) Kinetics of root elongation inhibition by I3C.
Seedlings were grown on MS medium for 4 days,
and transferred to medium with or without 400 pm
I3C. Root lengths for seven seedlings were mea-
sured every 20 min for each treatment. Asterisks
indicate a statistically significant difference com-
pared with 13C-containing medium (**P < 0.01, Stu-
dent’s t test). Values are means + standard errors.

plants, the VENUS marker is a reporter for auxin responses
(Ulmasov et al., 1997; Heisler et al., 2005). Seedlings were
grown on MS medium for 6 days, treated with or without
200 pum 13C or 90 um IAN for 6 h, and the YFP fluorescence
was monitored. While IAN indeed increased the activity of
the auxin reporter in epidermal and cortex cells, exoge-
nous treatment with I3C reduced the activity of the reporter
gene, contrary to our hypothesis (Figure 3a).

To determine whether the effect of 13C on the DR5::N7-
VENUS signal is a direct response to changes in auxin per-
ception and to elucidate its dynamics, we used plants
expressing the VENUS protein fused to auxin interaction
domain Il of Aux/IAA (DII-VENUS) (Brunoud et al., 2012). In
these plants, the VENUS signal is sensitive to exogenous
and endogenous auxin in a dose-dependent manner, with-
out disrupting the activity of the auxin response machinery
(Vernoux et al., 2011; Brunoud et al., 2012). Five-day-old
DII-VENUS plants were treated with IAA, or both IAA and
I3C, and the YFP fluorescence was monitored after 30 min
using confocal microscopy. Thirty minutes following IAA
treatment, low fluorescence of YFP was measured in the
seedlings, indicating a high auxin signal. When the seed-
lings were treated with both IAA and I3C, an increase in
YFP fluorescence was measured, suggesting that 13C inhib-
ited IAA perception within 30 min (Figure 3b).

To determine whether the effect of I3C on auxin signal-
ing is reversible, we measured the activity of the DR5::GUS
reporter gene in seedlings that had been germinated on
400 pm I13C and were transferred to fresh MS plates after
4 days. As shown in Figure 3(c), seedlings grown on
medium containing 13C show a low level of GUS activity at
the root apical meristem, but 1 day after transfer to fresh
medium without I3C, the GUS activity at the root apical
meristem was high, indicating that the effect of exogenous
I13C on auxin distribution is reversible.

© 2015 The Authors
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I3C acts as an auxin antagonist

As I3C treatment led to a rapid reduction in auxin activity
in the root apical meristem, and as the structure of I13C and
auxin are very similar (Figure 4a), we hypothesized that
I3C may act as an auxin antagonist. We further hypothe-
sized that I3C interacts specifically with the auxin binding
site of the Transport Inhibitor Response (TIR1) receptor
(Gray et al., 2001; Dharmasiri et al., 2005), thus perturbing
the interaction of TIR1/Auxin signaling F-Box (AFBs) with
auxin/3-indoleacetic acid (Aux/IAAs) (Ken-ichiro Hayashi
et al., 2012).

To evaluate whether 13C is an auxin antagonist, we first
modeled the potential interaction of I3C with TIR1, based
on the crystal structure of auxin binding with TIR1 (Tan
et al., 2007). Our model predicts that while both I3C and
IAN are able to associate with the auxin receptor site of
TIR1, this putative interaction is with different regions of
TIR1 (Figure 4b). Like IAA, 13C interacts with TIR1 chain B,
while IAN putatively interacts with chain C (Figure 4b).
Other 13C derivates also potentially interact with chain B
(Figure S3). While I3C and IAN both inhibit root elongation,
only 13C appears to negatively affect auxin signaling,
potentially by competing with IAA with respect to binding
to TIR1. As I13C and auxin differ in the residue attached to
the 3rd carbon of their indole ring, 13C interaction with the
auxin binding site of TIR1 may potentially perturb the
docking of the Aux/IAA proteins, and thus directly inhibit
the auxin response.

To test the hypothesis that I13C is an auxin antagonist,
we analyzed the effect of I13C on three typical auxin
responses: inhibition of root elongation, initiation of root
hair formation, and promotion of lateral root formation.
We monitored the root lengths of seedlings grown for
6 days on medium containing various concentrations of

The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2015), 82, 547-555
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Figure 3. 13C reversibly inhibits auxin signaling in the root tip.
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(a) Seedlings expressing DR5::N7-VENUS were grown on MS medium for 6 days, treated with 200 um 13C or 90 um IAN for 6 h, and imaged using confocal
microscopy. Cell walls were stained using propidium iodide. Quantification of the relative integrated density of the VENUS fluorescence showed a significant
decrease in the VENUS signal after I3C treatment (55% of the signal for the control plants), and a significant increase in the VENUS signal after IAN treatment
(323% of the signal for the control plants). For each treatment, 5-10 seedlings were used (P < 0.001; Student'’s t test). Bar is 50 um.

(b) I3C affects auxin signaling within 30 min. Five-day-old DII-VENUS seedlings grown on MS medium were treated for 30 min with 0.05 um IAA, 300 um I3C, or
both, and imaged using confocal microscopy. Cell walls were stained using propidium iodide. Quantification of the relative integrated density of the VENUS flu-
orescence showed a significant decrease in the VENUS signal after IAA treatment (21% of the signal for the control plants), and a significant increase (173%) in
the VENUS signal after treatment with both IAA and I3C compared to IAA-treated plants, suggesting that I3C inhibited the effect of IAA on auxin signaling within
30 min. For each treatment, 4-7 seedlings were used (P < 0.01; Student’s t test). Bar is 50 um.

(c) The effect of 13C on auxin signaling is reversible. DR5::GUS seedlings were grown on MS medium or on medium containing 400 um I3C for 4 days, then

transferred to the other medium for 2 days, the roots were photographed on the second day following transfer.

auxin, 13C, or both. As expected, roots of plants grown in
the presence of auxin or I3C were significantly shorter than
roots of plants grown on MS (Figure 5a). However, seed-
lings grown in the presence of both I13C and auxin exhib-
ited roots that were significantly longer than those grown
solely on auxin (but shorter than those grown on MS), sug-
gesting that 13C partially antagonizes the effect of excess
auxin. Similar results were obtained when assessing the
number of root hairs and lateral roots on seedlings grown
for 4 days on medium containing various concentrations
of auxin, I3C, or both. As expected, the number of both
root hairs and lateral roots was higher in plants treated
with IAA (Figure 5b,c). Exposure to I3C led to a reduction
in the number of root hairs and lateral roots. The roots of
seedlings grown in the presence of both I3C and auxin
exhibited a reduction in the number of root hairs and lat-
eral roots compared to those grown on |AA alone, further
indicating that I3C partially antagonizes the effect of excess
auxin.

If 13C acts as an auxin antagonist, it is expected to
directly manipulate the auxin perception machinery.

Villalobos et al. (2012) previously showed that auxin pro-
motes interaction between the auxin receptors TIR1/AFBs
and Aux/IAA (IAA) family proteins in yeast two-hybrid
assays. We utilized this system and found that I3C perturbs
the interaction between TIR1 and IAA7 that is facilitated by
auxin, but IAN does not (Figure 6a). Yeast expressing
TIR1-LexA and Gal4-IAA7 fusion proteins were grown on
medium containing auxin, I3C or IAN, or both I3C and
auxin, or IAN and auxin. Expression of the p-galactosidase
reporter was monitored 4 days after spotting. As a nega-
tive control, we used LexA yeast expressing TIR1 and an
empty plasmid instead of IAA7, and as a positive control,
we used LexA yeast expressing Pto and AvrPto, which are
known to interact (Bogdanove and Martin, 2000). As shown
in Figure 6(a), the interaction between TIR1 and IAA7 was
facilitated when the yeast grew on medium containing
auxin, consistent with previous studies (Villalobos et al.,
2012). This interaction was diminished when we added 13C
to the growth medium in addition to auxin, but not when
IAN was added to the auxin. The reduction in interaction
was apparent at 50 um I3C, and almost complete at 150 um
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Figure 4. Modeling of I3C/IAN binding to TIR1.
(a) Structure of auxin (IAA), I3C and IAN.
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(b) Predicted interaction of 13C (i) or IAN (iii) with TIR1 based on auxin binding (i). Blue represents I3C (ii), IAN (iii) or IAA (i), and yellow lines represent hydrogen
bonds between TIR1 and IAA/I3C/IAN. IAA and I3C bind to chain B of TIR1 (green helix) with binding energies of —4.5 kcal mol~" for TIR1/IAA and
—4.1 keal mol~" for TIR1/13C. IAN binds to chain C of TIR1 (red chain), with a binding energy of —4.5 kcal mol™".

Figure 5. 13C rescues IAA-driven root phenotypes.

(a) Seedlings were grown on MS medium contain- (a) 144
ing 0.2 um IAA, 300 pm I3C, or both. At 6 days, seed- 124
lings were photographed (a’) and root length was % 10
measured. = -
(b) Seedlings were grown on MS medium for ®
4 days, and then transferred to medium containing ﬁ 6
0.2 um IAA, 300 um 13C, or both. At 8 days, seed- § 4
o

lings were photographed (b’) and the number of 2
root hairs was counted.

IAA + 13C

(c) Seedlings were grown on MS medium for (b) 120:
4 days, and then transferred to medium containing 5
0.5 um IAA, 200 um 13C, or both. At 8 days, seed- a 1004
lings were photographed (c) and the number of lat- H 20 4
. . =
eral roots was counted. Multiple comparisons = E
between treatments using aAnova followed by a E o 607
Tukey’s HSD test revealed that all treatments were 5 = 404
statistically significantly different (P < 0.01), except é
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DMSO

I13C. While a slight reduction in yeast growth was noticed
in the presence of 13C, this did not inhibit the interaction of
Pto and AvrPto (positive control).

To further confirm the yeast two-hybrid assay results, we
performed an in vitro pull-down assay using in vitro trans-
lated TIR1-Myc and recombinant GST-IAA3 protein purified
from Escherichia coli (Parry et al., 2009). The proteins were

© 2015 The Authors
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pulled down using GST beads in the presence or absence of
100 um IAA or 100 um IAA plus 10 mm I3C, separated by
SDS-PAGE, and the interaction between TIR1 and IAA3 was
detected using an anti-c-Myc antibody. As expected, the
in vitro interaction between TIR1 and IAA3 was apparent
only when auxin was present in the reaction mixture
(Figure 6b, lane Ill) as indicated by the high TIR1/IAA3 ratio.
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Figure 6. 13C perturbs auxin-dependent interaction of TIR1 and IAA proteins in yeast and in vitro.
(a) LexA yeast expressing TIR1 or Tir1 and IAA7 was grown on medium containing IAA, I3C or IAN, or both I13C and auxin (i), or IAN and auxin (ii). Expression of

the B-galactosidase reporter expression was monitored 4 days after spotting.

(b) An in vitro pull-down assay of TIR1-Myc and GST-IAA3 was performed using recombinant GST-IAA3 and in vitro translated TIR1-Myec. The pull-down assays
were incubated at 4°C for 1 h in the presence (lanes | and Ill) or absence (lane Il) of 100 um auxin, or in the presence of 10 mm I3C and 100 pm auxin (lane Iv).

Addition of 13C to the reaction mixture resulted in a reduc-
tion in the TIR1 and IAA3 ratio (Figure 6b, lane Iv), indicating
that 13C inhibited the auxin-mediated interaction between
TIR1 and IAA3. Taken together, the results of these experi-
ments suggest that I3C modulates auxin action in an antago-
nistic manner.

DISCUSSION

Here we show that the glucosinolate breakdown product
indole-3-carbinol (I3C) inhibits root elongation, probably
acting as an auxin antagonist. We first observed that 13C
inhibits roots growth in a dose-dependent manner, and
that this effect is reversible. As inhibition of root elonga-
tion is a typical auxin exposure phenotype, we hypothe-
sized that 13C affects auxin signaling in the root, and
indeed found that I3C treatment rapidly and reversibly
reduced auxin signaling in the root tip.

Our results indicate that 13C reduces auxin signaling by
acting as an auxin antagonist on the TIR1 receptor. Several

lines of evidence support this conclusion. First, molecular
modeling predicted that I3C associates with the auxin bind-
ing site of the TIR1 auxin receptor. Second, at the molecu-
lar level, auxin reporter genes were down-regulated after
I3C treatment. Third, at the physiological level, 13C partially
rescued the effect of IAA on several root phenotypes.
Fourth, at the level of protein—protein interactions, 13C
directly perturbed the auxin-dependent interaction of TIR1
with IAA proteins both in yeast and in vitro.

This mode of action is apparently specific for I3C but not
all I3M-GS breakdown products, as although IAN also inhib-
ited root elongation, its influence on auxin signaling was
different to that of I13C. Thus I3M-GS breakdown products
probably influence plant development at multiple levels.

Taken together, the results presented here clearly dem-
onstrate that I13C influences plant growth by directly modu-
lating auxin signaling. The implication is that chemicals
whose production is induced by herbivory, such as I3C,
function not only to repel the herbivore, but also as signal-
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ing molecules within the plant. Thus, our results suggest
that I3C is a defensive phytohormone that modulates auxin
signaling, leading to growth arrest.

Salicylic acid and jasmonic acid, the two best-studied
plant defense signaling molecules, are likely to have origi-
nally functioned as small molecule metabolites that pro-
vided direct defense against herbivores and pathogens
(Jander and Clay, 2011). Jasmonic acid not only induces
numerous plant defense responses, but also influences pri-
mary metabolism, for instance reducing the synthesis of
sugars and amino acids (Adio et al., 2011). Our results sug-
gest that other plant defensive metabolites may also have
secondary functions in regulating aspects of plant metabo-
lism, providing diversity in defense-related plant signaling
pathways. Such diversity of defensive metabolites in
defense-related plant signaling pathways is beneficial for
the plant, as herbivores and pathogens are less likely to be
able to mount effective counter-measures.

The idea that herbivory also affects plant development is
not new. Many studies have shown that herbivory induces
plant growth arrest (Adler and Wink, 2001; Poveda et al.,
2003). Such arrest has most often been attributed to
changes in resource allocation, e.g. the growth differentia-
tion balance hypothesis (Gershenzon, 1994; Massad et al.,
2012). We propose that the growth arrest may also be sig-
naled directly by the induced chemicals, i.e. I3C in this
case. Thus glucosinolate breakdown to 13C after herbivory
has two outcomes, i.e. I13C repels the herbivore, while at
the same time inducing growth arrest within the plant.

Although our studies used exogenously applied 13C, the
concentrations are within the amounts of indole glucosino-
lates found endogenously in Arabidopsis seedlings
(approximately 140 pm). Furthermore, as not all of the
exogenous I3C is taken up by the plant (Figure 1), the 13C
concentration within the plant after treatment is lower than
the exogenous concentrations used. Thus, given that we
observed approximately 40% root growth inhibition at
100 um I13C, this concentration is potentially physiologically
relevant and similar to what would be perceived locally by
a plant that has an insect chewing on its roots. Accord-
ingly, the relative concentrations of auxin and I3C in the
cell may well be within the range of those used here. Auxin
gradients form within the root tip to drive growth and
development. While it is not clear what the exact levels of
auxin concentration are in different cell types and at the
subcellular level, studies have estimated that the IAA activ-
ity in roots is within the physiological range (nanomolar to
micromolar) (Petersson et al., 2009; Band and King, 2012;
Bargmann et al, 2013), and is probably low following
wounding (Cheong et al., 2002). Hence, the concentration
of IAA after wounding may be approximately 100 times
lower than the concentration of 13C after wounding.

Finally, a recent study showed that volatile indoles
released from soil bacteria modulate auxin signaling in
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roots (Bailly et al., 2014). Thus, the idea that indole-con-
taining metabolites negatively influence auxin signaling
appears to be an emerging paradigm.

EXPERIMENTAL PROCEDURES
Plant materials and growth assays

The Arabidopsis strains used in this work were all in the Columbia-0
(Col-0) background. The transgenic and mutant lines have been
described previously: DR5:GUS (Ulmasov et al, 1997), DR5::N7-
VENUS (Heisler et al, 2005), DI-VENUS (Brunoud et al., 2012),
cyp79B2 cyp79B3 (Hull et al., 2000), and tgg 1 tgg2 (Barth and Jander,
2006). Seeds were cultivated in Petri plates using medium containing
0.8% agar, half-strength Murashige and Skoog salts (MS), and 1%
sucrose, pH 5.7. The Petri plates were placed in chambers at 22°C
under light/dark conditions of 16 h white light at 75 umol m? sec™"
and 8 h darkness, at 55% relative humidity. For root phenotype
experiments, plates were placed vertically in the chambers.

Preparation of indole metabolites

Indole-3-carbinol (I3C), 3-indoleacetic acid (IAA/auxin), indole-3-ace-
tonitrile (IAN), 3,3'-diindolylmethane, indole-3-carboxaldehyde and
methyl-indole-3-carboxalate (Sigma, https://www.sigmaaldrich.com/)
were dissolved in dimethylsulfoxide to produce 1 m solutions, and
stored in the dark at —20°C.

4D imaging system

Seedlings were grown for 4 days on MS medium. The seedlings
were transferred to MS medium with or without 400 um 13C and
photographed every 20 min over 24 h using a 4D imaging system
developed at the laboratory of Hillel Fromm (Department of Mole-
cular Biology and Ecology of Plants, Tel Aviv University, Israel).
Root length was measured using MAGeJ software (http://image;j.-
nih.govy/ij/).

GUS reporter assay

DR5::GUS seedlings were grown on agar plates with or without
I3C, and stained using X-Gluc as described by Weigel and Glaze-
brook (2002). The roots were transferred to slides with drops of
double-distilled water, and photographed using a Zeiss Axioplan2
microscope (www.zeiss.com) and ceL A software, (Olympus,
www.olympus-global.com).

Confocal microscopy

Four- to six-day-old seedlings from marker strains were transferred
to liquid MS containing 200 um 13C or dimethylsulfoxide. After
treatment, seedlings were submerged in 0.005 mg ml~" propidium
iodide in double-distilled water, placed on microscope slides, and
imaged using a Zeiss LSM780 confocal microscope with x20/NA
0.8. The fluorescence emission was collected between 590 and
720 nm (band pass) for propidium iodide, and between 520 and
580 nm (band pass) for yellow fluorescent protein (YFP). YFP
fluorescence was quantified using ivAGeJ software (http://imagej.
nih.govy/ij/).

Measurement of I3C levels by HPLC

I3C was dissolved in 80% methanol to prepare a 1 ug ml~" stock
solution. A serial dilution was used to generate a standard curve
for subsequent quantification of I3C in plant samples. Samples
were separated using a Waters 2790 pump system coupled to a
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Waters 2996 photodiode array detector (Waters, http://www.waters.
com/). We used a Kinete)g column (Phenomenex, www.phenomenex.
com/; 5 um, 18C, 100 A, 150 x 4.60 mm) and a solvent system
comprising water (solvent A) and acetonitrile (solvent B, 90% v/v
in water). The HPLC running conditions were: 0-5 min, 100% A;
5-24 min, 90% A; 24-29 min, 30% A; 29-35 min, 0% A; 35-40 min,

90% A, with a flow rate of 1 ml min~".

Quantification of I3C uptake by seedlings

Seeds of wild-type Col-0, tgg1tgg2 and cyp79B2 cyp79B3 were sur-
face-sterilized using 30% sodium hypochlorite containing 0.05% v/v
Tween-20, followed by rinsing in 70% ethanol and five rinses with
sterile water (Weigel and Glazebrook, 2002). Seeds were planted in
liquid MS medium, and grown for 2 weeks under a 16 h light/8 h
dark regime at 22°C. Half of the 2-week-old seedlings were treated
with 500 um I13C, and the rest were left as untreated controls. After
2 h, the seedlings were rinsed three times with deionized water,
collected in liquid nitrogen, weighed, and lyophilized to dryness.
The dried samples were ground to a fine powder, homogenized in
0.8 ml of 80% methanol, and heated for 15 min at 75°C. After cen-
trifugation for 5 min at 15 000 g, the supernatant was loaded onto
a 250 ul Sephadex A25 column (Pharmacia Fine Chemicals,
www.pfizer.com/). Samples were eluted using 2 x 250 pl of 80%
methanol and 2 x 200 pl water, the eluents were combined and
dried under vacuum, and the residue was re-dissolved in 100 pl of
80% methanol. After filtering by centrifugation through Multi-
Screen-HV filter plates (Millipore, www.emdmillipore.com/), 20 pl
of the solution was analyzed by HPLC as described above.

Molecular modeling of I3C docking to TIR1

AutoDock Vina (Trott and Olson, 2010) was used for molecular
docking analysis of 13C with the TIR1 protein from A. thaliana
(PDB ID 2P1Q). The two-dimensional structure of the 13C
substrate, taken from the National Center for Biotechnology
Information PubChem server (www.ncbi.nlm.nih.gov/), was
converted into 3D coordinates via the CORINA server (www.
molecular-networks.com/online_demos/corina_demo). The Lamarck-
ian genetic algorithm in AutoDock was used to perform the auto-
mated molecular dockings. Docking of I3C with TIR1 protein was
performed in two steps. In the preliminary step, dockings were
performed to identify the potential binding sites on the TIR1 pro-
tein, and in the second step, the whole surface of the protein was
covered with large grid maps, created by AutoGrid. The x, y and z
grid dimensions were set to 72 A, with grid points separated by
0.375 A.

Yeast two-hybrid assays

Yeast two-hybrid assays were performed as described previously
(Prigge et al., 2010). The TIR1 bait vector pGILDA and the IAA7
prey vector pB42AD (Prigge et al., 2010) were co-transformed into
Saccharomyces cerevisiae strain EGY48 as described previously
(Gietz and Schiestl, 2007). The negative control comprised yeast
expressing pGILDA containing TIR7 and an empty pB42AD vector.
As a positive control, we used yeast expressing the Pto and Avr-
Pto proteins (Bogdanove and Martin, 2000).

In vitro pull down assays

In vitro pull-down assays were performed as described by Parry
et al. (2009). Briefly, a TIR1-Myc fusion protein was synthesized
using the TNT T7 coupled wheatgerm extract system (Promega,
www.promega.com/). GST-IAA3 protein was expressed in the
E. coli BL21 DE3 strain and purified using glutathione agarose

beads (Sigma) in lysis buffer (50 mm Tris, 100 mm NaCl, 10%
glycerol, 0.1% Tween-20, pH 7, and protease inhibitors, Roche,
www.roche.com/). Then 25 pl of extract were incubated with GST-
IAA3 beads in 200 pl lysis buffer (pH 5.7) in the presence or absence
of 100 pm IAA or 100 pum IAA plus 10 mm 13C, at 4°C for 1 h. Unbound
proteins were washed twice for four min, at 4°C on microchroma-
tography columns (Bio-Rad, www.bio-rad.com/) using the same
buffer. Proteins were eluted using elution buffer comprising 100 mwm
Tris and 15 mg ml~" reduced glutathione (Sigma), pH 8, separated
by SDS-PAGE and detected using monoclonal anti-c-Myc (Provided
by Eran Bacharach, Department of Cell research and Immunology,
Tel Aviv University, Israel). To standardize the input, the mem-
branes were stained using 0.1% Ponceau-S in 5% acetic acid solu-
tion, band intensities were quantified using ivaAGes software (http://
imagej.nih.gov/ij/), and the ratio between the TIR1 and IAA3 input
bands was calculated.
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he phytochemical indole-3-carbinol

is produced in Cruciferous plants
upon tissue rapture and deters herbi-
vores. We recently showed that indole-3-
carbinol modulates auxin signaling in
root tips. Here we present transcript pro-
filing experiments which further reveal
the influence of indole-3-carbinol on
auxin signaling in root tips, and also
show that I3C affects auxin transporters.
Brief treatment with indole-3-carbinol
led to a reduction in the amount of PIN1
and to mislocalization of PIN2.

Indole-3-carbinol (I3C) is a phyto-
chemical endogenously produced in the
Cruciferae plant family. It is formed from
the breakdown of indole-3-methylglucosi-
nolate (I3M), which is derived from glu-
cose and tryptophan.' I3M is the
predominant indole glucosinolate, and
one of the most prominent glucosinolates
detected in roots. The cleavage of I3M to
I3C is catalyzed by myrosinase.”

In humans, a rich cruciferous vegeta-
bles diet has been associated with reduced
chances of cancer, and I3C as a therapeu-
tic treatment has potential for both pre-
vention and treatment of a wide verity of
cancers, such as leukemia, breast cancer
and prostate cancer among others.*®

In Arabidopsis thaliana 13C is synthe-
sized upon tissue rapture and deters herbi-
vores. The glucosinolates and the
myrosinase are normally stored in separate
compartments in the plant cells. In
response to plant damage or insect attack
I3M and the myrosinase are mixed and
I3C is synthesized. I3C protects the plant
as it is toxic to herbivores, insects and
pathogens.’

While the toxic and deterrent effects of
glucosinolate breakdown on herbivores
and pathogens have been extensively stud-
ied, the secondary responses that are

Plant Signaling & Behavior

induced in the plant by I3C are only now
starting to be revealed. Recently we have
found that I13C effects plant growth and
development by modulating auxin signal-
ing in the root tips.'’

In an attempt to reveal a bigger picture
of the effect of I3C on auxin signaling in
Arabidopsis roots, we carried out microar-
ray experiments that revealed the extensive
effect of I3C on the plant at the molecular
level in general, and more specifically, on
auxin responsive genes. We also used seed-
lings expressing auxin  transporters
reporter genes to understand if the effect
of I3C is local or wide spread in the root.

The  auxin-dependent interaction
between SCF'™! with the Aux/TIAA pro-
teins and subsequent degradation of the
Aux/IAA transcriptional repressors regu-
lates the transcription of auxin-induced
genes.'"'* As we previously showed that
I3C inhibits the interaction of auxin with
TIR1," we hypothesized that auxin-regu-
lated genes would be misregulated follow-
ing I3C treatment. We carried out a
transcript-profiling experiment on roots
tips briefly exposed to I3C. Gene ontology
analysis showed that auxin-regulated genes
are preferentially misregulated (FDR =
7.00E-05) in roots one hour following
I3C treatment. The basal expression of at
least 32 genes (12.8%) from a set of 250
auxin regulated genes is misregulated fol-
lowing I3C treatment (Fig. 1).

The distribution of auxin in the root is
determined mainly by its transporters.
The PIN family of active auxin transport-
ers particularly have a major role in regu-
lating auxin distribution,” and indeed
different PIN proteins have a cell-specific
polar localization [reviewed in'°].

To understand if the effect of I3C on
auxin is unique to the root tips or more
wide spread, we checked if auxin transport
is also affected by I3C treatment. For this
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purpose we used seedlings expressing
PIN1:GFP or PIN2:GFP.'”'® Seedlings
were grown on MS medium for 5 to
6 days, treated with 200 uM I3C for
30 minutes, and GFP fluorescence was
monitored by confocal microscopy.

The PIN1 transporter directs auxin to
the root tips to create the auxin maxima.
Thus under normal conditions PIN1 is
localized at the basal side of the cells of
the vascular bundle and can also be found
in the epidermal and cortical cells that sur-
round the quiescent center"’ (Fig. 2A).
Following the short I3C treatment, we
detected a reduced amount of PIN1 pro-
tein in the epidermis and cortex (Fig. 2A).
Quantification of the relative integrated
density of the GFP fluorescence in these
cells showed a significant decrease in the
GEFP signal following the I3C treatment
(50% of the signal of the control plants,
P < 0.01; Student’s t test).

The PIN2 transporter is localized at the
basal side of the cortical cells and at the
apical side of the epidermal cells"
(Fig. 2B). Following the short I3C

Figure 1. 13C treatment leads to misregulation
of auxin responsive genes. Heat map of the
expression of known auxin-responsive genes
following treatment with 500.M 13C for one
hour. RNA was extracted from root tips of 10-
day-old seedlings and hybridized to Affyme-
trix ATH1 chips. A 2 fold cutoff was used. The
list of auxin-responsive genes was extracted
according to gene ontology in Agrigo [22].

€1062200-2

Figure 2. I3C treatment affects auxin transporters. (A) Seedlings expressing PIN1:GFP were grown
on MS medium for 5 days, treated with 200 wM of I13C or with DMSO for 30 minutes, and imaged
using confocal microscopy (Zeiss LSM780, with a 40x water objective). Heat-maps represent GFP
density. GFP fluorescence was quantified using ImageJ software. (B) Seedlings expressing PIN2:GFP
were grown on MS medium for 6 days, treated with 200 M of 13C or with DMSO for 30 minutes,
and imaged using confocal microscopy (Zeiss LSM780, with a 40x water objective). Cell walls were
stained using 0.005mg/ml propidium iodide. co = cortex, ep = epidermis.

treatment, we found that even though the
amount of the PIN2 protein was not sig-
nificantly changed following the 13C
treatment, its localization was altered by
the treatment. I13C treatment caused the
PIN2 proteins to be more diffuse in the
cells and less oriented to the cell mem-
branes (Fig. 2B).

Based on the Sachs
hypothesis,? it is plausible that the effect
of I13C on the PIN proteins is not direct.
According to this hypothesis, auxin signal-

canalization

ing can affect its own transport by regulat-
ing its transporters. Indeed a change in
auxin concentration in the root affects the
polarization of PIN1 and PIN2.*' Since
we have recently shown that 13C modu-
lates auxin signaling,'® this change might

Plant Signaling & Behavior

cause the mislocalization of PIN2 and the
decrease in the amount of PIN1.
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